One sentence summary: pSTM is a new member of an emerging family of phage-like plasmids.
INTRODUCTION
It has been known since the 1970s that some bacteriophages can replicate as low-copy-number plasmids (plasmid-like phage). This has been observed in many different species of Gramnegative bacteria including Vibrio parahaemolyticus (Lan et al. 2009 ), Klebsiella oxytoca (Casjens et al. 2004) , Halomonas aquamarina (Mobberley et al. 2008) and at least three Gram-positive bacteria, Bacillus anthracis (Inal and Karunakaran 1996) , Streptomyces rochei (Chang, Kim and Cohen 1996) and B. thuringiensis (Verheust, Jensen and Mahillon 2003) . The plasmid form is usually linear where the cohesive ends of the phage DNA are covalently joined and the plasmid is formed by opening at telRL on the opposite side of the circularized genome (Ravin 2003) . These phage converted linear plasmids have a replication locus with initiation site for replication of the linear DNA. Linear plasmids are thought to have been the evolutionary intermediate between circular plasmids and linear phage replicons. In contrast to plasmid-like phages, only a few phage-like plasmids have been reported (Hu et al. 1998; Kidgell et al. 2002; Zhong et al. 2010; Ahmed et al. 2012; Liu et al. 2012; Falgenhauer et al. 2014; Huang et al. 2014) . Of particular interest is the cryptic plasmid reported in Salmonella enterica serovar Typhi strain CT18, pHCM2 plasmid (Kidgell et al. 2002) . This plasmid has no known function and was present in only a small proportion of Salmonella Typhi population. More recently, Kim, Kim and Ryu (2012) suggested that a bacteriophage SSU5 which was specific to Salmonella Typhimurium could be the ancestral form of pHCM2.
We previously reported the complete genome sequence of Salmonella Typhimurium DT108/DT170 strain L945 (Pang et al. 2013) . The genome of L945 lacked the 90 kb virulence plasmid pSLT which was unusual as pSLT is frequently present in Salmonella Typhimurium. However, the genome assembly contained contigs which had no match to other Salmonella Typhimurium chromosomal genes but matched to many phagelike open reading frames (ORFs) belonging to pHCM2 and SSU5. The presence of plasmid replication gene (repA) and genesencoding plasmid partitions (parA and parB) in this assembled genome suggests that it is a novel plasmid. This novel phage-like plasmid, termed pSTM (i.q. pSTM Phi), was unable to be fully assembled from the sequence data available then and was not described in detail in our previous study (Pang et al. 2013) . Here, we report the full sequence of pSTM , its evolutionary relationships to other phage-like plasmids and a Salmonella Typhimurium phage, and its prevalence in Salmonella Typhimurium.
MATERIALS AND METHODS

Bacterial strains
A total of 284 Salmonella Typhimurium isolates, including strain L946, were analysed. These strains represented a diverse set of different phage types and single nucleotide polymorphism genotypes types. Isolates were collected between 1997 and 2009 with the majority from Australia and the UK, and from various animal and human sources as reported in Pang et al. (2013) . Isolates were grown and maintained in nutrient broth (Oxoid) or on nutrient agar (Oxoid) plates. All cultures were incubated overnight at 37
• C.
Screening for the presence of plasmid
The primers used in the detection of the plasmid (Table 1) were designed to amplify parB, present in pHCM2 and the draft genome of a DT108 strain, L945, which has recently been sequenced (Pang et al. 2013) . The strain L945 was used as a positive control (Pang et al. 2013) . A 20 μl reaction mixture was used for each sample containing 0. 
Enrichment of plasmid for sequencing
Serial dilutions were done on the total genomic DNA and PCR was performed to amplify the housekeeping gene, mglA (Table 1) , which is located on the chromosome, and the plasmid gene, parB. It was found that the plasmid is of a low-copy number. Therefore, for sequencing, plasmid DNA has to be first enriched prior to purification using QIAGEN Plasmid Maxi Kit. The selected isolate was cultured in a 500 mL broth. The protocols were modified to accommodate for the larger volume of culture. For lysis of the bacterial cells, the mixture was incubated for 20 min while for neutralization step, the mixture solution was incubated for 60 min. Also importantly, 2 μl of glycogen was used as a co-precipitant with isopropanol to aid in the quantitative recovery of the plasmid DNA which was diluted in the large volume of supernatant. To confirm plasmid enrichment, the plasmid DNA extract was diluted up to 10 −3 and PCR was done using primers mglA and parB and it was compared to whole DNA extract with the same dilution factor. The plasmid DNA of one Salmonella Typhimurium isolate, L946, was selected for sequencing using Illumina Paired-End Sequencing Assay on an Illumina MiSeq platform with a 250 bp kit. The sequence was submitted to GenBank with the accession no. KP763470.
Bioinformatic analysis
De novo assembly was performed on the reads using Velvet version 1.2.08 (Zerbino and Birney 2008) . The optimum K-mer was determined using the script VelvetOptimiser.pl available from Victorian Bioinformatics Consortium (www.vicbioinformatics. com/software.velvetoptimiser.shtml, 1 May 2014, date last accessed). Sequences were annotated using a combination of BLAST and Rapid Annotation using Subsystem Technology (RAST) (Overbeek et al. 2014) . BLAST was also used to identify homologous sequences with a minimum of 60% homology and 70% coverage. For ORFs that were identified as a hypothetical protein, another program HHPred was used in the analysis to further resolve the annotation (Soding, Biegert and Lupas 2005) available from http://toolkit.tuebingen.mpg.de/hhpred (20 February 2015, date last accessed). Neighbour-joining phylogenetic tree based on Kimura-2-parameter model and bootstrap values were constructed using MEGA6 (Tamura et al. 2013) .
Comparative genomics were done to the following plasmids or draft genomes: Salmonella Typhi plasmid pHCM2 (accession no. NC 003385), S. Muenchen strain baa1594 (accession no. AOYV00000000), S. Bareilly strain CFSAN000202 (accession no. JRDU00000000), S. Saintpaul strain SARA26 (accession no. AOXF01000021), Yersinia pestis plasmid pMT1 (accession no. NC 005815), K. pneumoniae plasmid pKPHS1 (accession no. CP003223) and Escherichia coli plasmids pECOH9 and p09EL50 (accession no. HG530657 and CP003298, respectively). The SSU5 phage genome (accession no. JQ965645) was also included in the analysis. Multiple genome comparisons were visualized using BRIG (Alikhan et al. 2011) .
RESULTS AND DISCUSSION
Distribution of pSTM plasmid in diverse Salmonella
Typhimurium isolates
In a previous study, we found a potential novel phage-like plasmid in a DT108/DT170 strain, L945 (Pang et al. 2013) . To determine the presence of this phage-like plasmid in other Salmonella Typhimurium isolates, PCR screening using primers specific for the parB region was conducted against 284 isolates representing 40 different phage types used in a previous Salmonella Typhimurium phage-type diversity study (Pang et al. 2012) . Only one strain, L946, also from DT108/DT170 was found to be positive for the plasmid. L945 and L946 were isolated from avian and ovine sources, respectively. Both strains did not carry the Salmonella Typhimurium virulence plasmid pSLT. In contrast, most of the other DT108/DT170 analysed had the pSLT. While there is a possibility that the two plasmids are incompatible, the two plasmids belong to a different incompatibility group. pSLT has two replicons, repA/IncFIIA and repA2/IncFIB (Feng et al. 2012) . pSTM has a RepFIB replicon (see below) and is likely from IncF group like the majority of RepFIB plasmids (Gibbs, Spiers and Bergquist 1993) . However, RepFIB also appears in other groups including IncN, IncP or IncI group (Gibbs, Spiers and Bergquist 1993) . Therefore, it remains unknown whether the pSTM can coexist with pSLT. In addition, the RepA protein in pSTM was only 57% similar to the RepA2 in pSLT.
Sequencing and genome content of the novel plasmid
The phage-like plasmid was extracted from L946 for sequencing using 2 × 250 bp paired-end MiSeq sequencing. A total of 2 736 909 reads were obtained. De novo assembly was performed which yielded one contig with a size of 107 680 bp with a coverage of 124×. The G + C composition is 46.3% which was lower than the Salmonella Typhimurium chromosome (52.2%). This 107.7 kb plasmid is hereafter referred to as pSTM . A total of 132 ORFs and two tRNAs for leucine (Leu-tRNA) and asparagine (Asn-tRNA) were predicted.
Out of the 132 ORFs, 79 were found to encode hypothetical proteins. The remaining 53 ORFs code for various proteins including those essential for the maintenance of the plasmids, such as replication protein A (repA) and the two partition genes (parA and parB); genes related to DNA replication and metabolism as well as a number of genes encoding phagerelated proteins. There were two regulators found; one was identified as putative and the other belonged to the ArsR family. No virulence or antibiotic resistance genes were found. We compared the contigs from L945 previously obtained in Pang et al. (2013) and found no variation between the two plasmids. The RepA protein is 99% homologous to the RepFIB of the Rep 3 superfamily (Lanza et al. 2014) and thus likely to have a RepFIB replicon. The plasmid is not a conjugative plasmid with no mobilization genes such as the oriT and tra genes found (Smillie et al. 2010; Wong, Lu and Glover 2012) . However, a non-transmissible plasmid could still be transferred by conduction where it forms cointegrate with a transmissible plasmid, transferred to the recipient and then the cointegrate resolves to reform two separate plasmids (Garcillan-Barcia, Alvarado and de la Cruz 2011).
Comparative genomics of pSTM
BLAST searches found that pSTM is homologous to five other plasmids, one each from Salmonella Typhi (pHCM2), K. pneumoniae (pKPHS1) and Y. pestis (pMT1) and two from E. coli (pECOH89 and p09EL50), a Salmonella Typhimurium bacteriophage SSU5, as well as contigs from draft Salmonella genomes from S. Bareilly, S. Muenchen and S. Saintpaul available in GenBank (Fig. 1 ). There were two, one and one contigs with a total size of 105 205 bp, 102 775 bp and 109 498 bp from S. Bareilly, S. Muenchen and S. Saintpaul, respectively. These contigs are likely to be plasmid sequences. A total of 113 ORFs were found in at least one of the other plasmids. The presence and level of homology of pSTM ORFs in other plasmids are shown in Table 2 . There were 33 ORFs which were homologous to the other nine genomes analysed, 20 of which coded for hypothetical proteins. A total of 19 ORFs were not found in any of the other plasmids, of which 12 and 7 encode phage-related proteins and hypothetical proteins, respectively (Table 3) .
pSTM shares the most number of ORFs with S. Bareilly (101 ORFs) and S. Muenchen (100 ORFs), followed by S. Saintpaul (95 ORFs), SSU5 phage (91 ORFs) and pHCM2 (90 ORFs). There were 82 ORFs shared between pSTM and the two E. coli plasmids while only 71 and 61 pSTM ORFs were found to be homologous in pKPHS1 and pMT1, respectively. Three ORFs were only found in Salmonella genomes and not from other species, all of which code for hypothetical proteins. Seven ORFs were shared between pSTM , S. Bareilly and S. Muenchen, all of which also code for hypothetical proteins.
The RepA protein of pSTM was highly similar to those found in p09EL50, pECOH89 and pKPHS1 plasmids as well as the contigs of S. Muenchen and S. Bareilly. The RepA in pMT1, pHCM2, the contig of SARA26 and SSU5 phage was identical to each other but was only 49% similar to the RepA found in pSTM . Two regulators found on pSTM were also found in all the other genomes compared, with the exception that the ArsR family regulator was missing in pECOH89.
The two tRNAs, Asn-tRNA and Leu-tRNA, identified in pSTM were also identical to those present in the plasmid contigs of S. Bareilly draft genome. The remaining genomes used in our analyses only had the Asn-tRNA, with the exception of the two E. coli plasmids which had an Asn-tRNA as well as a ThrtRNA, and pMT1 which had no tRNA. tRNA is a hotspot for integration of prophage or genomic islands. Asn-tRNA was shown to be the insertion site for high pathogenicity island in Yersinia, although the 17-bp direct repeat of the Asn-tRNA was not found, similar to those found in E. coli (Schubert et al. 1999) and also an insertion site for the colibactin genomic island which can be found in E. coli, K. pneumoniae, Enterobacter aerogenes and Citrobacter koseri (Putze et al. 2009 ). In addition, Asn-tRNA has also been found to be the insertion site for a prophage of Xanthomonas oryzae pv. oryzae PXO99A and a phage remnant of X. axonopodis pv. citri 306 (Lee et al. 2014) . The Leu-tRNA was found to be the target site of NBU1, a 10.3-kb Bacteroides mobilizable insertion elements (Shoemaker, Wang and Salyers 1996) .
Evolution of the emerging family of phage-like plasmids
The 33 common ORFs were used to construct a neighbourjoining tree (Fig. 2) . The tree is unrooted as we cannot determine which plasmid arose earliest. pSTM formed a group with S. Muenchen and S. Bareilly. The Salmonella Typhi plasmid pHCM2 and the plasmid from S. Saintpaul were grouped together and shared the most recent common ancestor with Salmonella Typhimurium phage SSU5. The two E. coli plasmids p09EL50 and pECOH89 were grouped together, and were distantly related to the K. pneumoniae plasmid pKPHS1. There are evidently four divergent lineages of phage-like plasmids in the family of Enterobacteriaceae. Kim, Kim and Ryu (2012) hypothesised that pHCM2 may have evolved from SSU5 or its ancestors. Our new data suggests that it is possible that SSU5 was derived from a primordial phageplasmid form with deletion of genes present in the plasmids. There were 22 ORFs which were found in one or more plasmids but not in the SSU5 phage. These ORFs mostly code for hypothetical proteins (16 ORFs). One ORF encoding a hypothetical protein and an integrase were found in all plasmid genomes but not the SSU5 phage genome. In contrast, SSU5 phage contained 16 ORFs not found in the plasmid genomes, 11 of which coded for hypothetical proteins while the remaining five were phagerelated proteins including one that encodes phage tail protein. These SSU5-specific proteins may be important for phage production. However, we did not test whether pSTM can produce viable phage particles to determine whether the absence of one or more of these 16 ORFs make it defective as a phage.
In contrast to the linear plasmid-like phages-like N15, the phage-like plasmids, pSTM and its homologues such as pHCM2 are circular plasmids that lack the protelomerase and tel sites, typical of N15 (Ravin 2003) . These plasmids have not been tested whether they can produce phage particles. This circular phage-like plasmid spans a number of different species of Gramnegative bacteria including E. coli, K. pneumoniae, Y. pestis and Salmonella Typhi. Although not homologous to pSTM , other circular phage-like plasmids have been observed in Acinetobacter baumannii (Huang et al. 2014) and Streptomyces spp. (Zhong et al. 2010) . It is possible that these plasmids were evolved from their ancestral linear plasmid form and have lost the ability to become a phage. The presence of this form of phage-like plasmid across different phyla suggests that this form is evolutionary old and has been coexisting with phages and plasmids, although it is less frequently carried by its host. Its evolutionary advantage is yet to be understood but it is stably inherited in Salmonella Typhimurium L946.
Although the functional significance of most of these plasmid-like phages or phage-like plasmids to the host is not known, some carry virulence or antibiotic resistance genes. pMT1 contains virulence genes-encoding F1 capsular antigen, F1 capsule anchoring protein, Caf1M, Caf1R and the plague murine toxin while pKPSH-1 and pECOH89 contain extended-spectrum beta-lactamase gene bla and bla (Falgenhauer et al. 2014) , respectively. CONCLUSION pSTM is a newly described phage-like plasmid. The presence of phage-like plasmids has not been previously described in Salmonella Typhimurium. Although the Salmonella Typhimurium bacteriophage SSU5 shared considerable homology with pSTM , clearly the two have separate origins, as the latter is more related to the Salmonella Typhi plasmid pHCM2 and shared most recent common ancestor with Y. pestis plasmid pMT1. pSTM was present at a low frequency in Salmonella Typhimurium. Furthermore, pSTM does not contain any known virulence or resistance genes suggesting its cryptic nature. However, pSTM contains many hypothetical proteins. Further studies are necessary to gain an insight into the overall biological effect of this plasmid. This study also uncovered several phage-like plasmids from other draft genome sequences including homologous plasmids from several Salmonella serovars. Phage-like plasmids are an emerging family of mobile genetic elements of bacteria and may play an important role in adaption.
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